Abstract-The performance of multi-user multiple input multiple output (MU-MIMO) LTE systems critically depends on how the interference is estimated and managed. In this letter, we propose a practical framework for interference estimation for LTE networks. Moreover, we present a practical suboptimal non-iterative method for managing the interference through utilizing the interference knowledge. Furthermore, we consider the non-ideality of MU-MIMO precoding resulting from limited channel knowledge. Finally, we evaluate the proposed framework benefits through comparisons with other techniques.
I. INTRODUCTION
T HE CURRENT state-of-the-art on interference management in cellular networks encompasses investigations of different strategies, including coordinated multi-point (CoMP) [1] . Mosleh et al. [1] cover interesting interference mitigation via resource allocation in CoMP systems. Authors assume that eNodeBs solve/update their resources using X2 interface. In another coordinated approach, antennas from multiple eNodeBs act as a single array. This approach is wellknown as a solution for neighboring interference. However, the promising results for CoMP are only achievable if multiple eNodeBs can maintain accurate synchronization for cooperation, which is challenging. Interference Alignment (IA) is an interference management technique that promises theoretical gains, however, it comes with challenges in implementation. Furthermore, Minimum Mean Square Error (MMSE) is a promising receiver that has been studied in LTE [2] . In [3] , UEs estimate the interference power by the help of the received signal received power (RSRP) measurements. RSRP is an LTE measurement that corresponds to the average RF power of cell specific reference signals. Thus, using RSRP, UEs can estimate their total interference power to construct the MMSE receiver. A more advanced technique is interference rejection combining receiver (IRC) [4] . IRC represents a straightforward add-on to the MMSE receiver. We aim at using realistic assumptions that are applicable for LTE networks. We do not assume any cooperation such as CoMP [1] due to signaling and synchronization challenges. Furthermore, we will not use IA, since it was not considered for LTE due to implementation challenges. In this letter, our approach is suboptimal and non-iterative, which is desirable for low latency. This letter contributions is summarized as follows: 1) A practical framework for interference estimation: We estimate the interference covariance matrix in LTE context through the use of non-data resources.
2) Utilizing the interference knowledge: We derive suboptimal simple and non-iterative precoder and receiver aiming at enhancing the rate.
3) Considering the non-ideality of MU-MIMO precoding: We tackle the effect of non-ideal precoding for MU-MIMO in LTE. The solution aims at updating the interference covariance matrix to account for MU-MIMO interference.
4) Evaluation of the proposed framework benefits:
We evaluate the proposed framework by comparing different designs.
II. SYSTEM MODEL
Before addressing the challenges in LTE, we review some important elements of LTE. In LTE, sub-carriers are grouped in non-overlapping subsets, called Resource Blocks (RBs). The unit in time is a 1 msec unit consisting of 14 OFDM symbols. The resource grid of an RB is illustrated in Fig. 1 . Each square in the figure represents a resource element (RE), which is the smallest resource unit in LTE, consisting of 1 subcarrier and 1 OFDM symbol. The Physical Downlink Control Channel (PDCCH) and the cell specific RS (CRS), where RS stands for reference signals, are used to demodulate the control signaling, the Channel State Information Reference Signal (CSI-RS) are used for channel estimation. DeModulation Reference Signals (DM-RS) are used for demodulation purposes. Control signaling, CRS, and CSI-RS are transmitted without precoding, however, DM-RS can be precoded [5] .
We consider a network formed by UEs with N r antennas, served by eNodeBs with N t antennas, using MU-MIMO. We assume that each eNodeB has J adjacent neighbors. The received signal of the k th subcarrier and the t th OFDM symbol, is given:
where on hand, n(k, t) is N r × 1 vector that represents the noise, and G is the number of co-scheduled UEs. The first term in (1) represents the intended signal, the second term represents the multiuser interference, the third term represents the neighbouring interference, and the final term represents the noise. The number of co-scheduled UEs is G ≤ N t . The post processed received signal is:
is the N r × 1 combining vector. Our main objective is to design the precoding vectors v i (k, t), and the combining vectors z i (k, t), where, i = 1 : G.
III. SUBOPTIMAL PRECODING AND RECEIVER APPROACH
Before eNodeBs perform scheduling, each UE will not have knowledge of other UEs that might be scheduled on the same frequency-time resources. Then, the precoding of each UE is designed with the objective of maximizing its local SINR
The superscript l denotes locally optimized precoding, which will be updated later to accommodate for the MU-MIMO effect. Similarly, z l i (k, t) is the locally optimized receiver that will be updated later. Therefore, in the initial analysis, the second term in (1) will be removed and the other-cell interference plus noise terms will be denoted as w(k, t).
A. Interference Estimation 1) Interference Estimation Using REs Carrying Data:
In LTE, the covariance matrix R yy is estimated by performing averaging over the received signal at the data signal REs:
In this case, the estimation error can be neglected when the cross-covariance between the signals of the serving cell and the interfering cell:
However, in a practical situation, the cross-covariance between the signals of the serving cell and the interfering cell is not small. Therefore, the residual cross-covariance incurs performance degradation [6] .
2) Interference Estimation Using REs Carrying DM-RS:
If the interference plus noise covariance matrix is computed using REs that are not carrying data signals, the crosscovariance between the signals of the serving and interfering cell can be eliminated. In this subsection, we discuss the use of REs carrying DM-RS as a method of estimating the interference. In this case, the UEs can find the interference plus noise covariance matrix R w as follows:
where, y D (k,t) is the N r ×1 vector that represents the interference and noise vector on the RE carrying DM-RS, and N DMRS is the set of REs carrying DM-RS. y D (k,t) can be found as follows:
where, d(k,t) is the DM-RS known sequence of the serving cell.
B. Single User Scenario: Maximization of Local SINR
The received signal for the single user scenario can be expressed as:
The objective here is to maximize the SINR:
The problem in (5) is coupled, however, here we present a practical suboptimal non-iterative solution. For a specific v l i (k), the optimization in (5) can be expressed as:
According to the generalized eigenvalue problem [7] , the solution to (6) is:
, where α adjusts the power of z l i (k, t). Substituting the above z l i (k, t) into the objective function in (5), the new objective function will be:
The solution to the above problem is [7] :
where β is a scalar that is used in the normalization step such that ||v l i (k, t)|| 2 = 1, and v max is the principal eigenvector. Thus, the precoding design, v l i (k, t) is the preferred precoding vector requested by the i th UE. Thus the solution of the local precoding and combining vectors is as follows:
We will use the receiver design z l i (k, t) that is given in (9) and will compare its performance against other receivers.
It is important to note that eNBs do not need X2 coordination since the precoder design only needs R w , which is estimated as discussed in Section III-A.
C. Multi User Scenario: Maximization of Overall SINR
In the previous section, MU-MIMO effect was not taken into account. However, the eNodeB aims at maximizing the overall sum rate. Thus, the eNodeB will construct N t x G MU-MIMO precoding matrix with the aim of spatially separating the concurrent transmissions. Zero-forcing (ZF) is considered as an efficient beamforming design for communication systems. In ZF, the weights are selected such that the co-channel interference is canceled. On the other hand, Maximum Ration Transmission (MRT) beamforming maximizes the SNR at each receiver and requires only the knowledge of the direct links. It is worth noting that the MRT does not take into account the simultaneous transmissions and therefore it results in a strong cross-interference. Since, this cross-interference is a bottleneck for multiuser LTE systems, ZF precoding is being studied for current network implementations. We will drop the subcarrier notation k and the OFDM symbol t notation in the equation below for simplicity:
where, is a diagonal matrix that ensure that the columns of V ZF have unit norm. It is important to note, z i (k, t) can be computed using (9) v i (k, t) . Initially, the local precoding is designed assuming SU transmission. However, once MU-MIMO precoding matrix is computed, UEs will use a different receiver, not the same as the initial one. A flowchart to the proposed algorithm is shown in Figure 2 . Typically, the MMSE receiver is a widely used due to its simplicity [3] 
if v i (k, t) is being used instead of v l i (k, t). In other words, z i (k, t) is a function of
where
is the composite channel, is N r × N r diagonal matrix with interference powers on the diagonal, and σ 2 N is the noise power. Another receiver is the IRC receiver. In IRC, the covariance matrix including interference is obtained by statistical averaging of the received signal [4] 
D. Effect of ZF Beamforming With Limited Channel Knowledge
If channel knowledge is perfect, the layers will be wellseparated using ZF. Thus, the multiuser interference vanishes, and the only interference that the UEs face is the other-cell interference which was taken into account in R w . However, in reality this is not the case, and R w will be changed toR w to include the effect of multiuser interference. This is due to the fact that channel knowledge is not perfect due to limited number of resources dedicated to pilots in LTE. Hence, each UE might see interference due to other co-scheduled UEs. Now, we will explain howR w can be updated to account for such interference. The received signal is:
Thus, the UE can update the interference plus noise covariance matrix as follows:
the final solution to the MU-MIMO receiver filters will be:
The interference at each UE depends on the composite channel formed by the product of its own channel and the precoding vectors of other UEs. A signalling mechanism is needed to allow for successful decoding. An effective means for such signalling is to apply precoding vectors to UE-specific reference signals, allowing for the training of composite channels during data transmission. For more information, we refer readers to [8, Sec. 8.2.2] .
IV. SIMULATION RESULTS
In this section, we describe the simulations conducted to study the proposed framework. The primary goal of our evaluation is to understand the gains provided by the proposed framework as compared to other approaches. We perform linklevel and system-level simulations. In link-level, we assume that all UEs have the same average SNR. We simulate the encoding and decoding at the bit-level, using randomly generated information sequences with the selected modulation and coding scheme. In system-level, a multi-cell simulation is conducted. The interference is generated in the same way as desired signals, and channel propagation (pathloss, shadowing, and multipath) is taken into consideration. Our simulations follow the LTE standard [9] . Each eNodeB has 4 antennas, and 10 UEs (it co-schedules up to 4 UEs simultaneously using MU-MIMO). UEs are independently and randomly located. In summary, we use link-level to get an accurate relationship between SNR and throughput, then we use system-level to get accurate set of SNRs. Finally we get the corresponding accurate system-level throughput. The throughput is calculated by randomizing over several realizations of the UEs locations. Other simulation parameters are summarized in Table I . We compare the performance of the designs shown in Table II (labeled from 'A' to 'F'). In LTE designs, UEs choose the precoding vector from a priori agreed codebook. Thus, UEs feedback the binary index of the chosen entry. In designs 'D' and 'E', we use the 4-bit LTE codebook. The remaining designs, we use beamforming, outside the LTE unitary precoding matrices known as non-codebook based MIMO approaches. Such non-codebook based MIMO approaches are supported by the structure in LTE Release 10 [8, Ch. 11]. Furthermore, we assume CSI knowledge at the eNodeB via feedback using CSI-RS pilots in Fig. 1 , yielding errors in the CSI at the eNodeB.
A. Throughput per UE Analysis
In this section, the throughput per UE is evaluated. In Fig. 3 we show the performance in terms of different throughput %-tiles. Design 'A' provides throughput improvement over all other designs except 'F', since 'F' uses cooperative resource allocation across eNodeBs. Design 'F' has throughput improvement of 28%, 25%, and 10% for 5%-tile, 50%-tile, and 80%-tile as compared to 'A'. Note that, the gain is higher at lower %-tiles, which indicates that 'F' is more beneficial to UEs toward the cell-edge. Moreover, Design 'A' that uses DM-RS based covariance matrix estimation and 'B' that uses data based covariance matrix estimation are very close in terms of the 5%-tile throughput. This is because cross covariance is partially small for 5%-tile UEs due to the relatively small received power of the serving eNodeB [6] . However, for median and 80%-tile UEs, the performance of the data signal based covariance matrix is degraded compared to the DM-RS based covariance matrix estimation, 'A' has a gain of 25% and 35% for median and 80%-tile respectively as compared to 'B'.
B. Total Throughput Analysis
In Fig. 4 we show the performance of the designs provided in Table II . The performance of Design 'A' is slightly worse than 'F', because Design 'F' uses CoMP to optimize resource allocation which reduces the interference. Although, Design 'F' outperforms the proposed approach, it is an iterative approach and requires signaling overhead. However, Design 'A' provides high gains compared to other non-iterative techniques that can be achieved without cooperation and signaling overhead. Design 'F' aims at reducing the interference caused by neighbouring cells, and treating residual interference as noise [1] . As shown Design 'A' is about 13% worse than Design 'F', however, it outperforms all other designs by approximately 20%, 94%, and 300% with respect to Design 'B', Designs ('C' and 'D'), and Design 'E' respectively.
V. CONCLUSION
In this letter, we have proposed an interference estimation approach aiming at improving the performance of LTE network. We present a practical non-iterative method for designing the precoder and the receiver for multi-user LTE systems. By comparing to other designs, we show considerable gains to be achieved using the proposed approach.
